Abstract Multiple sclerosis (MS) is a chronic immunemediated, central nervous system (CNS) demyelinating disease. Clinical and histopathological features suggest an inflammatory etiology involving resident CNS innate cells as well as invading adaptive immune cells. Encephalitogenic myelin-reactive T cells have been implicated in the initiation of an inflammatory cascade, eventually resulting in demyelination and axonal damage (the histological hallmarks of MS). Dendritic cells (DC) have recently emerged as key modulators of this immunopathological cascade, as supported by studies in humans and experimental disease models. In one such model, experimental autoimmune encephalomyelitis (EAE), CNS microvesselassociated DC have been shown to be essential for local antigen recognition by myelin-reactive T cells. Moreover, the functional state and compartmental distribution of DC derived from CNS and associated lymphatics seem to be limiting factors in both the induction and effector phases of EAE. Moreover, DC modulate and balance the recruitment of encephalitogenic and regulatory T cells into CNS tissue. This capacity is critically influenced by DC surface expression of co-stimulatory or co-inhibitory molecules. The fact that DC accumulate in the CNS before T cells and can direct T-cell responses suggests that they are key determinants of CNS autoimmune outcomes. Here we provide a comprehensive review of recent advances in our understanding of CNS-derived DC and their relevance to neuroinflammation.
Introduction
Dendritic cells are a heterogeneous (both ontogenetically and phenotypically) class of professional antigen-presenting cells (APC) with a potent capacity to initiate immune responses by interaction with T cells [1] . Importantly, DC are unique since they are the only professional APC that can prime naïve T cells and cross-present endocytosed antigenic peptides on both MHC class I or class II molecules. DC are also unique since they can be derived from both myeloid and lymphoid precursors and develop into functionally distinct subsets.
Myeloid (mDC) of myeloid origin and plasmacytoid (pDC) of lymphoid origin are two distinct subsets of DC in humans and mice (Table 1) [2] . While mDC and pDC have distinct cell-surface and cytokine profiles, both are capable of promoting adaptive responses after innate activation [3] . Different DC subsets differentially trigger adaptive immune responses depending on environmental factors (Table 1) .
Following development, DC migrate to various tissues; capture, process, and present antigens; migrate to lymph nodes for interaction with T cells; and thereby modulate subsequent immune responses in accordance with their cell-surface complement of co-receptors [4] . Generally, DC are functionally distinguished as mature or immature, though only mature DC have the ability to activate T-cell effector function (Table 1 ) [4] . Though immature DC efficiently capture antigens for processing and presentation to naïve T cells, they are poor promoters of T-cell activation and may even downregulate immune responses. In contrast, inflammatory or infectious environments, characterized by NF-κB activation via IL-1/IL-18 or pattern recognition receptors, promote DC maturation, migration to secondary lymphoid organs, and induction of specific immune responses [5] . Maturation stabilizes MHC class I/II surface molecules and enhances expression of co-stimulatory molecules of the B7 family, which bind and activate T cells by their CD28 coreceptor [6, 7] . Mature DC can prime T-cell responses but can also receive help and become 'licensed' to prime cytotoxic T lymphocyte (CTL) responses. As summarized in Table 1 , immunogenic mature DC can direct T-cell polarities towards Th1 differentiation with high IL-12 production, or Th2-cell [8] , and/or CTL priming.
Under low inflammatory or non-infectious conditions, DC downregulate immune responses. These 'regulatory' DC have a phenotype different from that of immature DCthey express a distinct combination of co-stimulatory and co-inhibitory surface molecules that promote peripheral tolerance and regulatory T-cell (T reg ) development [9] . Both immature and mature DC can suppress T-cell responses, with immature DC doing so without the phenotypic changes typically associated with maturation [10] , and mature DC being rendered tolerogenic by signals from surrounding tissues [11] . Generally, DC maturation should not be viewed as a crucial switch between tolerance induction and immunity as discussed by C. Reis e Sousa [12] . Ultimately, understanding which phenotypic and ontogenic differences of DC subsets is crucial to developing effective DC-directed therapies for CNS autoimmunity.
Distribution of DC in the brain
Unambiguous identification of DC is difficult in the CNS due to their low frequency. Tissue in and around the CNS is comprised of several distinct compartments including the meninges, cerebrospinal fluid (CSF), CNS parenchyma, blood-brain barrier (BBB; bounded by endothelial cells and perivascular tissue), the blood-CSF barrier space (BCSF), and the brain-CSF barrier (bounded by ependymal cells and periventricular tissue). Each of these compartments has specific barriers to DC migration. The immune privilege of the CNS, involving both innate and adaptive immune responses, is limited to CNS parenchyma [13] . The perivascular or Virchow-Robin space that surrounds the tightly closed endothelial wall (BBB) in the CNS provides a fertile environment for T-cell activation. Recent evidence suggests that immune cell entry into the CNS parenchyma under inflammatory conditions involves vascular transmigration into the perivascular space followed by progression over the glia limitans into the parenchyma [14] .
Though DC are rarely found in healthy CNS parenchyma, they can be detected histochemically in vascular-rich compartments such as the meninges and choroid plexus (CP) under normal conditions [15] [16] [17] . Additionally, both mDC and pDC have been found in the CSF of healthy patients [18] , while other studies have confirmed substantial perivascular accumulation of DC in the brain and spinal cord in response to local inflammation induced by autoimmunity, infection, or trauma [16, 19] . One recent study has also demonstrated active recruitment of pDC into the CNS and their accumulation in white matter lesions and leptomeninges of patients with MS [20] . This strongly supports the view that DC participate in neuroinflammatory autoimmune responses.
Although a contribution of CNS-derived DC to the integrity and pathology of the healthy and inflamed CNS [86] CpG-ODN cytosine-phospho-guanine oligodeoxynucleotide, CTL cytotoxic T lymphocyte, ICOSL inducible T-cell co-stimulator ligand, IDO indoleamine 2,3-dioxygenase, IL interleukin, iT reg inducible Treg, MHC major histocompatibility complex, TGF transforming growth factor, Th Thelper, TCR T-cell receptor, TLR toll-like receptors has been suggested [21] [22] [23] , the origin of these CNSderived DC is still a matter of debate. In vitro experiments have shown that DC in the CNS could arise from resident microglia in the presence of the growth factor granulocytemacrophage colony-stimulating factor (GM-CSF) [24, 25] .
Other cytokines known to induce DC differentiation such as TNF-α, IL-1, and IL-6 have also been detected in the CNS [26] . The growth factor FMS-like tyrosine kinase 3 ligand (Flt-3L) induces expansion of DC numbers via proliferation and/or differentiation [27] . Furthermore, it has been shown that Flt-3L specifically recruits DC to brain parenchyma [28] . It has also been suggested that DC are recruited to the CNS from the periphery. During the acute phase of an immune response, bone marrow stromal cells are activated to promote release of DC precursors and other monocytes into circulation. Bone marrow-derived DC can migrate across an artificial BBB in vitro. Interestingly, upon migration, they show an activated phenotype and are able to induce antigen-specific T-cell proliferation [29] . In addition to migration of differentiated DC, monocytes were observed to differentiate into DC upon migration across endothelium in vitro [30, 31] . The possibility of such an event in vivo has to be further studied but remains a potential source of DC localized in the CNS. Recent work delineates microglia and microenvironment of CNS as main contributors to immune barrier of CNS, effecting DC function through their differentiation into microglia-like cells with inhibitory function [32] .
Chemokines (MCP-1, RANTES/MIP-1α, CCL19/ CCL21) and their respective chemokine receptors CCR2, CCR5, and CCR7 have been specifically implicated in DC migration [33] [34] [35] [36] . For example, peripheral lymphoid tissue highly expresses CCL19 and CCL21, ligands for CCR7, which was identified on DC in MS lesions. This supports the hypothesis that DC recruited to inflammatory sites in the CNS retain their capacity to migrate to the periphery with CNS autoantigens and activate naïve T cells [37] . The discovery of myelin-containing DC in the lymph nodes of MS patients and the repeatable recovery of intracerebrally injected DC from CNS-related lymph nodes also support this hypothesis [38, 39] .
The role of DC in EAE
The mechanism by which CNS-derived DC induce suppressive or autoreactive T cells remains a subject of debate. Indeed, the complex interaction between DC and T cells during neuroinflammation can only be studied to a limited extent ex vivo. Thus, appropriate in vivo models of neuroinflammation are necessary to further deepen our understanding of these interactions, chief of which has been experimental autoimmune encephalomyelitis (EAE). Several studies have contributed to the notion that APCs in the brain play a key role in determining the outcome of CNS inflammation [19, 40, 41] . Although numerous studies unambiguously emphasize the potential relevance of DC for CNS immune surveillance or autoimmune reactions, the true contribution of DC in the initiation and perpetuation of neuroantigen-specific T-cell responses remains elusive.
Severity of EAE as well as the number of MS plaques seems to correlate with the presence and functional status of DC [18, 40, 42] . In accordance with these studies, it was recently shown that DC presence in the CNS might serve as a limiting factor for neuroinflammation during CNS autoimmunity. Intracerebral injections of bone marrow-derived DC loaded with MOG peptide resulted in exacerbation of EAE clinical scores associated with the accumulation of CD4 + and CD8 + T cells in the CNS and a disrupted balance between encephalitogenic and regulatory T cells. Specifically, experimental accumulation of DC in the CNS resulted in an enrichment of FoxP3-negative neuroantigen-specific T cells in the CNS at the expense of FoxP3 + T reg cells [43] . Similarly, it has been shown that mDC preferentially accumulated in the perivascular inflammatory foci of the spinal cord and cerebellum, clustering there with T cells at the peak of EAE. These mDC uniquely potentiated Th17 and not Th1 differentiation, which was corroborated by their enhanced expression of TGF-β, IL-6, and IL-23 [21] .
In contrast to mDC, pDC within the CNS were relatively inefficient in stimulating CD4 + T cells to produce IL-17, were insignificant in T-cell activation and epitope spreading, and therefore have been suggested to play a tolerogenic role during EAE [21] . CNS-associated pDC appeared to negatively regulate pathogenic CNS-associated CD4 + T-cell responses, concurring with a regulatory role for pDC in inflammatory autoimmune diseases [44] .
Regulatory T cells can be divided into at least three categories: natural T reg (nT reg ) produced in the thymus, and two forms of adaptive or inducible T reg (iTreg), Th3 and Tr1, derived from conventional T cells in the periphery by TGF-β and IL-10, respectively. Collectively, these cells have been shown to be key enforcers of peripheral immune tolerance [45, 46] 
+ T reg cells in the spinal cord of mice injected with MOG-pulsed DC expressing TRAIL (a member of the TNF superfamily) decreased EAE severity in treated mice [47] . The authors also presented data suggesting that DC could induce T reg differentiation from activated T cells in the target organ (CNS) rather than during priming of naïve T cells in peripheral lymphoid tissue [47] .
Given its anatomical complexity and immune-privileged status, CNS tissue can hardly be considered a typical effector tissue, and whether this form of DC-T cell interaction is unique to CNS tissue remains to be seen. Furthermore, several CNS compartments surrounding the blood-brain and blood-CSF barriers have been proposed to serve as functional lymphoid tissue, where these putative DC-T cell interactions may also be occurring.
DC and other CNS resident cells express B7-H1, which shapes the CNS microenvironment during immune response As mentioned above, the appearance of DC in the brain indicates that they might be responsible for the initiation or amplification of CNS-directed adaptive immune responses. Studying the functional and phenotypical characteristics that define how DC respond to and modulate the local environmental milieu in order to effect various T-cell responses may help elucidate the immunomodulatory role of these cells in CNS inflammatory diseases.
The DC-T cell synapse is comprised of an uncompromisingly complex collection of receptors and co-receptors, allowing T cells and DC to share a unique reciprocal relationship [48] . Along with the MHC peptide: TCR-CD3-CD4/8 complex, B7-1 (CD80) and B7-2 (CD86) molecules on DC both bind to either CD28 or CTLA-4 to induce effector and suppressor functions in T cells, respectively. In addition to the classical B7/CD28 pathway of costimulation, the inhibitory B7 homologues B7-H1 and B7-DC (PDL1 and PDL2, respectively) [49] expressed on mature DC in humans and mice [50] have been shown to play an important role inducing T-cell tolerance by binding PD-1 [51] .
Due to its broad expression pattern in lymphoid and nonlymphoid organs, the B7-H1/PD-1 pathway has been suggested to play a crucial role for the maintenance of immune tolerance [52, 53] . A series of studies have demonstrated that B7-H1/PD-1 and not B7-DC/PD-1 signaling is central to parenchymal immune responses during CNS inflammation [54] [55] [56] [57] [58] . Specifically, peripheral neuroantigen-specific IFN-γ/IL-17 T-cell responses occurred earlier and were enhanced in B7-H1 −/− mice, but also ceased more rapidly exclusively in the periphery [59] . This demonstrates the role of B7-H1 in limiting parenchymal inflammation but also suggests a role for B7-H1 as a 'survival' factor for activated antigen-specific T cells in peripheral effector sites; again, this function may be restricted to CNS tissue where inducible expression of B7-H1 on parenchymal CNS cells has been proposed to limit detrimental immune reactions [59] . The relevance of B7-H1 expression on professional APC during primary immune responses in the CNS parenchyma has not yet been studied. Recently, we demonstrated an unexpected beneficial effect from B7-H1 −/− DC, where intracerebral microinjections resulted in amelioration of subsequent EAE [60] . Furthermore, this treatment was accompanied by amplified neuroantigen-specific CD8 + T reg recruitment into the CNS. Our study suggests that the lack of DC-derived B7-H1 allows for the development (or recruitment) of regulatory CD8 + T cells (CD122 + ) in the CNS. The mechanism for this action is not understood; however, in Fig. 1 , we postulate one putative action of B7-H1 in DC-T-cell interactions during immune response, which could account for this unexpected outcome. In this scenario, B7-H1 binds B7-1 to compete off CD-28/CTLA-4 binding. Not mutually exclusive, B7-H1 might also be required as a survival signal for brain-derived CD8 + regulatory T cells. Additionally, B7-H1 has recently been shown to possess stimulatory activity by acting through a novel receptor in PD-1 −/− mice [61] . Nevertheless, CNSassociated DC expression of B7-H1 is suggested to play a key role in maintenance of CD8 + T reg , which potently regulates CNS inflammation in EAE [62] .
The role of DC in MS
To date, only a few studies have distinctly assessed the role of DC in MS patients, as separate from the function of microglia, pericytes, and infiltrating macrophage. Huang et al. reported elevated numbers of peripheral blood DC in MS patients [63] . DC were found increased in frequency and activation markers in blood and cerebrospinal fluid (CSF) of patients with MS. Both mDC and pDC could be found in the CSF of MS patients, suggesting their active participation in the immunopathogenesis [18, 63] . A recent study demonstrated active recruitment and accumulation of pDC into CNS white matter lesions and leptomeninges of patients with MS [20] . In addition, others have reported altered DC phenotype and dysfunctional interaction of DC with T cells in MS patients [64, 65] . However, it has to be noted critically that the exact mechanism of pDC/mDC accumulation and their roles during CNS inflammation are not well understood.
The frequency and phenotype of circulating mDC and pDC in human serum suggests deficient DC maturation in primary progressive MS (PPMS) patients [66] . Treatment with high-dose intravenous methylprednisolone (IVMP) during MS relapse results in symptomatic amelioration that correlates well with both increased numbers of blood T reg cells and reduced numbers of mDC and pDC during the short-term treatment. IFN-β, the most widely used treatment for PPMS, has also been shown to upregulate B7-H1 on DC, thus potentially increasing their suppressive properties and contributing to DC-mediated immune regulation relevant to MS [67] . Concordantly, other studies have claimed a role for IFN-β in inducing T reg via DC-T cell (IV) However, in the absence of B7-H1 expression (B7-H1 −/− mice) without B7-H1 to compete with CTLA-4, low B7-1 expression also develops T-cell signaling through CTLA-4, resulting in suppressor phenotype. iDC immature dendritic cells, tolDC tolerogenic dendritic cells, mDC mature dendritic cells, hi high expression, lo low expression, med medium expression, CTLA-4 cytotoxic T lymphocyte-associated antigen 4, TCR T-cell receptor interactions [68, 69] . While our understanding of DC involvement in MS is still in its infancy, these data demonstrate that DC are key therapeutic targets.
From bench to bedside: considerations for translating basic research into clinical therapies for MS
Since DC are capable of potentiating both detrimental and suppressive T-cell functions, aberrancies in the functional status of specific DC subpopulations likely contribute to the dysfunctional immune regulation associated with CNS autoimmunity. Additionally, the extensive involvement of DC in the initiation and maintenance of neuroinflammation provides strong rationale for targeting DC for the treatment of MS. Experimental results in EAE suggest that disruption of DC differentiation, maturation, brain-barriers transmigration, antigen presentation, or T-cell polarization may be therapeutically effective. This, however, must be tempered by the risks and uncertainties inherent to DC-directed therapies. Thus, specific modulation of DC function in chronic autoimmune neuroinflammation is a potentially powerful if also extremely challenging therapeutic option.
A number of currently used therapeutic approaches in different diseases act by modulating DC functional status. A summary of known effects of DC-targeted drugs is presented in Table 2 . Among drugs currently being studied are the steroids (dexamethasone, corticosterone, prednisone, and methylprednisolone), estrogen, and estrogen receptor modulators (tamoxifen and rolixfene); statins (simvastatin and atorvastatin); immunosuppressants (mycophenolate mofetil, FK506, cyclosporine A, vasoactive intestinal peptide, rapamycin, glatiramer acetate, 1α25, dihydroxy-vitamin D 3 , TGF-β, IFN-β, and IL-10); the South Asian Plant extract andrographolide; the antihistamine cetirizine; and monoclonal antibodies to p-glycoprotein (MDR-1) and CD31. However, none of these examples is as of yet a specific DC-directed therapy, but rather exerts direct and indirect effects via the DC arm of the immune system.
The promise of genetically engineered DC or in vitromanipulated DC has been demonstrated in a number of elegant studies in various models of transplantation or allograft acceptance, which also serve as models of inflammation (reviewed in [70] ). DC targeting has also been shown to be effective for amplifying anti-tumor responses in some patients with metastatic melanoma [71] . Similarly, tolerized DC could be used to suppress anti-self responses in patients with autoimmune diseases. The use of a signal transduction inhibitor (CEP-701), primarily targeting DC, showed promising results in EAE, dampening the autoreactive polarizing condition driven by DC [72] . One recent study demonstrated a therapeutic benefit of targeting neuroantigen to tolerized DC in vivo [73] . Also, the use of transgenic mice lacking TGF-βR signaling in DC resulted in augmented EAE-associated Tcell responses, suggesting a role of TGF-β in controlling autoimmunity through DC [74] . However, the prospects of in vitro-manipulated DC as a potential therapeutic avenue in autoimmune disease remain largely uninvestigated [72] . The challenges of this approach include targeting DC to the appropriate lymphoid organs and effector sites and ensuring DC do not induce undesired T-cell responses. One possible consideration would be using CSF as a therapeutic route for transfer of therapeutically modified DC; however, the migration pattern for cells delivered in this fashion and the possibility of further immune complications (such as BBB compromise) remain largely unknown. While this approach is technically feasible, many unresolved questions yet exist for tissue-specific DC therapy. For example, there is an expected risk of general immunosuppression, which could lead to opportunistic infection or reactivation of latent infections that have been shown to be prevalent in the patient population such as Epstein-Barr virus [75] . Additionally, there is a risk of more general immune deviation, which poses the risk of exacerbating various hypersensitivity reactions, such as allergies or asthma. Thus far, there is no concrete strategy for specific manipulation of the pertinent CNS DC that leaves other immune cell populations relatively unaffected.
Concluding remarks
New data about the involvement and role of resident CNS cells in shaping the innate immune response and relationship with T cells provide new insights into the intrinsic capacity of CNS to maintain immune homeostasis and to face autoimmunity (reviewed in [22] ). DC have increasingly been implicated as key modulators of CNS immunity. Thus, elucidating the migratory routes by which DC traffic to and from the brain and how DC modulate CNS immune responses will be crucial for understanding the progression of CNS autoimmunity and developing appropriate therapeutic strategies.
Unfortunately, a number of challenges are encountered in translating the information garnered from studying EAE into human therapy for CNS autoimmunity. To this end, a better understanding of the mechanisms responsible for DC development, maturation, and migration into CNS tissue is unambiguously required. For example, it is still unclear whether DC can mature from microglia in vivo into fully functioning DC and what proportion of CNS-related DC are derived peripherally from monocyte populations. Moreover, given the anatomical complexity of compartmental barriers surrounding CNS tissue, the migration of DC to and from inflammatory sites in brain parenchyma is assuredly more complex than our current understanding. Despite these uncertainties, manipulation of DC migration and function should still be considered as a reasonable therapeutic target for future treatment of MS and other neuroinflammatory diseases.
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